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Interpreting Anomalously Low Voltage Noise
in Two-Channel Measurement Systems

Eugene N. Ivanov and Fred L.

Abstract—In this work we 1) analyze and give a theo-
retical explanation for the anomalously low cross-spectral
density of voltage fluctuations that is observed when two
thermal noise sources with matched intensities are coupled
to the inputs of two-channel phase modulation (PM) or
amplitude modulation (AM) noise measurement systems
(NMS), 2) empirically evaluate spectral resolutions of dif-
ferent types of measurement systems, and 3) discuss noise
measurement techniques involving cross-correlation signal
processing. Our work shows that the statistical uncertainty,
which sets the ultimate spectral resolution in the thermal
noise limited regime, is approximately the same for both
systems. However, in practical terms, the non-stationary
nature of the noise, the temporal separation of calibration
and measurement, and the difficulty of reproducing the cal-
ibrations for two measurements make it extremely difficult
to resolve noise that is more than 10 dB below the noise
floor in a single channel NMS. In a two-channel NMS, how-
ever, the calibrations of the two channels are carried out
simultaneously, and one can take full advantage of a large
number of averages and make reproducible noise measure-
ments with resolution 10 dB below the noise floor of a single
channel NMS.

I. INTRODUCTION

ROSS-CORRELATION noise measurements date back to

the mid 1970s. At that time, cross-correlation signal
processing was proposed as a radical way to improve the
sensitivity of the conventional phase bridge NMS by ap-
proximately 25 dB [1]. This improvement is achieved by
splitting the noise in the device under test (DUT) be-
tween two nominally identical single channel phase bridges
and cross-correlating the voltage fluctuations of their out-
puts. As a result of such signal processing, the high inten-
sity spurious noise fluctuations that originate in non-linear
mixing stages of the phase bridges and in the post ampli-
fiers are significantly cancelled with only 3 dB loss of the
useful signal. The reduction in the noise floor relative to
a single channel system of the same type is approximately
/Ngvg, where N,y is the total number of averages taken
by the Fast Fourier Transform (FFT) spectrum analyzer.
For Nuyg = 105, this improvement can be as large as 25 dB.
The drawback of using cross-correlation measurement sys-
tems is that a long measurement time is required to obtain
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a significant reduction in the noise floor, especially when
analyzing noise spectrum close to the carrier.

Another breakthrough in the field of precision noise
measurements at microwave frequencies occurred in the
mid 1990s with the development of interferometric mea-
surement techniques [2], [3]. Modern interferometric sys-
tems can make measurements almost in real time with
an uncertainty limited primarily by the thermal noise in
the lossy components of the microwave interferometer. The
spectral density of intrinsic phase fluctuations of a 9-GHz
interferometric NMS was measured to be 1071 rad?/Hz
for Fourier frequencies > 1 kHz. This corresponds to a
single sideband PM noise power 193 dB below the carrier
in a 1-Hz bandwidth (—193 dBc/Hz), which is only 4 dB
above the limit imposed by the thermal noise at an input
carrier power to the DUT of 20 dB above 1 mW (dBm).
With the advent of the interferometric NMS, it became
possible to study noise phenomena in the quietest compo-
nents, which were previously thought to be noise free. In
particular, the interferometric NMS produced the first ex-
perimental evidence of intrinsic 1/f PM noise in microwave
circulators [3].

With the two types of measurement systems now co-
existing, one may wonder whether it is worth complement-
ing the interferometric measurement system with cross-
correlation signal processing. In other words, is it worth
sacrificing the simplicity of a single channel NMS for a
two-channel NMS to achieve a possible improvement in
the measurement system’s sensitivity? This question was
addressed in [4}, [5], where a two-channel interferometric
NMS with cross-correlation signal processing, labeled the
“double interferometer,” was assembled and tested. Ac-
cording to [4], [5], the white phase noise floor of the double
interferometer was measured to be 10 to 12 dB lower than
the thermal PM noise floor. This has led to extensive dis-
cussions regarding the definition of the phase noise floor of
a two-channel NMS and the uncertainty of spectral mea-
surements that can be potentially achieved with such sys-
tems. Responding to such discussions, we have conducted
our own study aimed at understanding the properties of
two-channel noise measurement systems.

In this work, we 1) specify the conditions under which
the cross-spectral density of voltage fluctuations at the
output of two-channel measurement systems is anoma-
lously low, 2) analyze statistical uncertainties in spectral
measurements and compare spectral resolutions of sin-
gle and two-channel measurement systems, and 3) dis-
cuss noise measurement techniques that involve cross-
correlation signal processing.

0885-3010/$10.00 © 2002 IEEE
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Fig. 1. a) Two-channel interferometric noise measurement system. DUT = device under test, SA = spectrum analyzer, DBM = double-
balanced mixer, and ¢1 2 are phase shifters. b) Experimental setup for studying the basic properties of a cross-correlation noise measurement

system. VCP = voltage-controlled phase shifter.

II. EXPERIMENTAL STUDY OF THERMAL NOISE
CANCELLATION EFFECT IN Two0-CHANNEL NOISE
MEASUREMENT SYSTEMS

In this section, we report on experiments that establish
the relationship between the effective temperature of the
noise at the input of the cross-correlation NMS and cross-
spectral density of voltage fluctuations at its output.

Fig. 1(a) shows a two-channel (double interferometric)
NMS. Fig. 1(b) shows the readout portion (low noise ho-
modyne down-converter) of this system that was used to
study the noise processes in a two-channel NMS [3]. Two
3-dB pads simulate the loss in the power combiners used
in the double interferometer for carrier suppression. The
experimental setup also contains two microwave amplifiers
and two double-balanced mixers. Phase shifters ¢, and @9

are used for optimizing the sensitivities of both channels
with respect to either phase or amplitude variations of
the incoming signal. The latter is derived from the same
source that drives the mixer’s local oscillator (LO) ports
and enables the calibration of the readout system. A noise
source with the effective temperature T, is attached to
one of the inputs of the measurement system (port 2 of
the 3-dB hybrid). Variable attenuator a; allows the effec-
tive temperature of the input noise, Tinp, to be varied from
the highest value of T,,; to the level of ambient tempera-
ture, T,. Another variable attenuator a; in the path of the
calibration signal sets the carrier levels at the microwave
amplifiers’ inputs similar to those that would exist under
normal, carrier-suppressed conditions. In the course of the
experiments, both channels of the cross-correlation NMS
were tuned to be maximally phase sensitive. Their sensi-
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Fig. 2. Voltage fluctuations (rms) at the output of a cross-correlation
measurement system as a function of intensity of the input noise at
a carrier frequency of 9 GHz and a Fourier frequency of 35 kHz.
Curve 1 is the single channel voltage noise spectral density, curve 2
is the cross-channel voltage noise spectral density with two identi-
cally tuned channels, and curve 3 is the cross-channel voltage noise
spectral density with the two channels tuned in quadrature.

tivities were also made approximately equal by adjusting
the gain of one of the channels. .

The spectral densities of various voltage fluctuations
measured with the above setup as a function of the inten-
sity of the input noise are shown in Fig. 2. For example,
curve 1 shows the dependence of the rms voltage noise at
the output of a single channel NMS on attenuation ;.
Curves 2 and 3 show the dependence of cross-channel rms
voltage on ;. The data given by curve 2 were acquired
when both channels were identically tuned (either phase or
amplitude sensitive). Curve 3 corresponds to the case when
the channels were in quadrature; that is, one channel was
phase sensitive, while the other was amplitude sensitive.
These data were collected at a Fourier frequency of 35 kHz,
which was chosen to minimize the effect of the microwave
amplifiers’ flicker noise on the voltage noise floor of the
NMS (see the noise spectra in Fig. 4). The flicker noise was
caused by noise processes in the input of the microwave
amplifiers in the presence of a carrier signal. The carrier
level was approximately —47 dB below 1 mW (—47 dBm),
which was typical for our operating conditions. Finally,
low noise audio amplifiers with Grna = 36 dB were used
before the spectrum analyzer to amplify the mixer signals.

As seen in Fig. 2, curves 1 and 3 follow each other with
an almost constant offset of 23 dB. This offset is set by
the noise in the uncorrelated single channel measurements
reduced by /N,vg, where Nyy,g = 10° because of the cross-
correlation signal processing. For this reason, curve 3 of
Fig. 2 represents a cross-spectrum voltage noise floor for

Noyg = 10°.

13

The fractional one-sigma, statistical uncertainty of the
measurement in curve 1 of Fig. 2 is +1 / v/Navg, where
Neyg is the number of averages. The fractional statistical
uncertainty of the cross-correlated two-channel measure-
ment in curve 3 of Fig. 2 is approximately 1 when effective
temperature of the input noise, Tiyy, is close to the ambient
temperature. This is because the mean value of the voltage
noise cross-spectral density in such a regime is equal to its
rms deviation and reduces as 1 / +/Navg. The error bars in
Fig. 2 show the uncertainty in the three measurements.

From Fig. 2, it follows that the spectral density of cross-
channel voltage fluctuations, Sy1,2, depends almost lin-
early on the intensity of the input noise and, therefore,
can be related to the spectral density of input phase noise,
Sf;,"p , as

(1)

where Spp is the efficiency of phase-to-voltage conversion.
The latter is found by calibrating the measurement system.
This involves applying voltage noise with a white spectrum
to the voltage-controlled phase (VCP) shifter (see Fig. 1)
and measuring the following parameters: 1) cross-spectral
density of output voltage fluctuations, Sg¢ly; 2) power of
the microwave signal at the input to the 3-dB hybrid, P.q;
3) spectral density of voltage noise source, S:°%"°¢; and
4) voltage to phase conversion ratio of the VCP, dyp/du, at
a given bias voltage. Parameter Spp is calculated from

Sﬁlg 1
Sﬁource (d<p/du)2 :

2 i,
Su1’2 = SPDS(p P

31231) = (2)
The equivalent phase noise spectral density S in (1) is
defined as

in kBTinp
Sinp = ZE-Tnp

Pcal (3)

where kp is Boltzmann’s constant and ff}np is an estimate
of the effective input noise temperature.

A true value of the effective input noise temperature,
Tinp, is calculated from

71mp =Thson + T, (1 - 041) (4)

where the effective temperature of the noise source, T,
was ~ 12000 K and 7T, =~ 300 K.

Applying (1)-(3) to the experimental data enables the
effective noise temperature, j’inp, to be estimated. This is
shown by curve 1 in Fig. 3. Curve 2 is a graphical solu-
tion of (4), which corresponds to the true value of effective
noise temperature, T;,,. Curve 3 shows another estimate
of the effective noise temperature, which is obtained from
(1) by replacing Sy1,2 with the voltage noise spectral den-
sity of a single channel readout system. This results in
the effective noise temperature of the microwave amplifier:
Tamp ~ 1300 K.

Comparing experimental and predicted results (curves 1
and 3), the relationship between Ty, and Ty, is obtained:

(5)

Tinp ~ Tinp — To.
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Fig. 3. Effective temperature of input noise as a function of its in-
tensity for a carrier frequency of 9 GHz and a Fourier frequency of
35 kHz. Curve 1 is the inferred value of the Ty, from cross-spectral
density of voltage fluctuations, curve 2 is true value of effective noise
temperature, and curve 3 is the inferred value of the Tiyp from single
channel voltage noise spectral density.

‘Remembering that the effective noise temperature at the
second port of the measurement system is equal to T, (be-
cause of 50-) termination), one can conclude that the two-
channel measurement system is sensitive to the difference
between the effective temperatures of the two input noise
processes. This property is studied in detail in the experi-
ments with two noise sources described subsequently.
Terminating both inputs of the two-channel measure-
ment system with 50-) resistors allows the noise floor of
the two-channel NMS to be measured as a function of
Fourier frequency. The results are shown in Fig. 4 for dif-
ferent levels of input power, P.,;. The straight line (curve
3) in Fig. 4 shows the thermal noise floor of a single chan-

nel measurement system, ut?ermal calculated from

uif;;;mal =XV kBToKampGLNA (6)

where y is the mixer power to voltage conversion ratio
and Kgmp is the power gain of the microwave amplifier
[3]. Substituting the experimentally measured values of ¥,
Kamp, and Grya into (6) results in ufhermael ~ 127 dB
below 1 V/Hz (—127 dBV /Hz).

The data in Fig. 4 show that at Fourier frequencies
greater than a few kilohertz, the mean value of cross-
spectral voltage noise is 12 to 15 dB below the thermal
noise floor of a single channel system. This is a consequence
of a two-channel NMS being primarily sensitive to the tem-
perature difference of two input noise processes and the
large number of averages taken to reduce the single chan-
nel noise contributions. Similar effects of thermal noise
suppression were observed in earlier experiments with con-
ventional two-channel measurement systems, but at much
higher Fourier frequencies, typically closer to 10 MHz [1].
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Fig. 4. Voltage noise cross-spectral densities as functions of Fourier
frequency at the output of a 9-GHz, two-channel measurement sys-
tem. Curve 1 is the measured rms cross-spectral voltage noise at
P;y,, = —47 dBm, curve 2 is the measured rms cross-spectral voltage
noise at Pjpp = —70 dBm, and horizontal line 3 is the calculated
rms voltage noise of a single channel measurement system caused by
ambient temperature fluctuations.

The reasons for that were a high level of flicker noise exhib-
ited by the microwave mixers, the finite isolation between
the two channels, and the finite number of averages. In-
troducing a high gain microwave amplifier in front of the
mixer effectively overrides its high effective noise temper-
ature and enables the thermal noise cancellation to be ob-
served at relatively low Fourier frequencies. Lowering the
power at the input of the microwave amplifier further ex-
tends the range of Fourier frequencies in which the effect
of anomalously low voltage noise can be studied (compare
curves 1 and 2 in Fig. 4).

The greater uncertainty in voltage noise cross-spectral
density at larger Fourier frequencies (see Fig. 4) indicates
that the noise originates from the single channel noise
reduced by the cross-correlation signal processing. This
residual noise sets an upper limit to the smallest varia-
tions in the measurement system noise floor (or DUT)
that can be resolved. We compare the spectral resolu-
tions of a single and a two-channel NMS by considering
their voltage noise floors in curves 1 and 2, respectively
(Fig. 5). Each noise floor looks like a ‘fuzzy’ trace be-
cause of the scatter of experimental data. By measuring
the width of such a trace in the vicinity of a given Fourier
frequency, one can empirically estimate the spectral reso-
lution of the measurement system. The geometrical inter-
pretation of this approach is given in Fig. 5, where inter-
vals 0y and 012 characterize the spectral resolutions of the
single and two-channel measurement systems, respectively.
At Fourier frequencies > 35 kHz, oy =~ 7 x 1073V /VHz
and o129 = 1.2x 10_7V/\/m for Ngog = 10°. These results
are consistent with the fluctuations in both noise measure-
ments as they decrease as 1 / /Navg. For the FFT spec-
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Fig. 5. Voltage noise floors of different 10-GHz noise measurement
systems. Curve 1 is the measured rms voltage noise floor of single
channel NMS, curve 2 is the measured rms voltage noise floor of a
two-channel NMS, and horizontal line 3 is the calculated rms voltage
noise of a single channel measurement system caused by ambient
temperature fluctuations.

trum analyzer used here, the overall measurement time
required to complete 10° averages for Fourier offsets from
100 Hz to 100 kHz was approximately 30 min.

Knowing the spectral resolutions o; and o5 enables us
to evaluate the smallest changes in the effective tempera-
ture of the input noise that can be detected. We provide
examples of such evaluations for both types of measure-
ment systems in question.

First, the rms voltage noise at the output of a single
channel NMS in Fig. 1 is given by

Urms = X\/kB (To + Tamp + Tdut/4) KampGLNA
(M)

where Ty, is the effective temperature of the DUT excess
noise. It is assumed here that the effective noise temper-
ature of the DUT noise is equal to Ty, = T, + Tius. For
example, if the DUT is an attenuator at ambient temper-
ature, then Ty, = T, and, therefore, Tz,; = 0. In such
a case, (7) gives the analytical expression for the voltage
noise floor of a single channel NMS. The factor of 4 in (7)
is due to the insertion loss in the path between the DUT
and input of microwave amplifier [Fig. 1(a)]. Finding the
variation in the level of output voltage noise caused by the
DUT, durms, and equating it to o7, the analytical expres-
sion for the minimum detectable value of Ty, is obtained:

Td t 80’1
T: ~ ythermal V 1 +Tamp/T07 (8)

which results in Ty /T, ~ 0.4. This means that the single
channel measurement system can resolve changes in the in-
put noise effective temperature that are lower than the am-
bient temperature. The confidence of such measurements

15

can be estimated by making certain assumptions regarding
the nature of the voltage noise in question. For example,
considering u,ms as a normally distributed random vari-
able with the rms deviation o, = 01 / 2, the probability
of detecting the additive noise in the DUT with effective
temperature Ty, > 0.4 7T, exceeds 95% [6].

Assuming a perfect cancellation of the thermal noise
and taking into account (5), the rms voltage noise at the
output of the two-channel measurement system is given by

[ Tau
Urms = X kB Z i KampGLNA~ (9)

Satisfying the equality s = 012, the fractional temper-
ature resolution of the two-channel measurement system

is obtained:
2
Taus ( 2012 )
~ th 1
T, ~ \ulherma

Applying (10) to experimental data results in Ty, / T, ~
0.5, which is comparable with the fractional temperature
resolution of a single channel measurement system.

(10)

Several conclusions follow from this analysis. First, a
two-channel measurement system does not, in principle,
offer any advantage over a single channel one in its ability
to resolve small changes in the effective temperature of the
input noise. Second, variations in the input noise’s inten-
sity that are smaller than the thermal noise floor can be
detected with both single and two-channel measurement
systems. This is because the accuracy of spectral measure-
ments improves with the observation time or the number
of averages taken [6], [7].

Following [7], one can find a temperature resolution of a
single channel measurement system because of statistical
errors in measuring the white voltage noise spectral density
with 95% confidence:

Tdut ~ 8(To + Tamp)/\/ Navg~

Making use of (11), a single channel interferometric
NMS with g, = 60 K [3] should, in principle, be ca-
pable of detecting changes in the effective temperature
of the input noise, which are on the order of 10 K with
Ngyg = 10°. However, the non-stationary nature of noise,
the temporal separation of calibration and measurement,
and the difficulty of reproducing the calibrations make it
almost impossible to resolve the excess noise in the DUT,
which is 10 dB below the noise floor of a single channel
measurement system. By contrast, one of the main limi-
tations imposed on the sensitivity of a two-channel NMS,
as pointed out by De Marchi [8], results from the lack of
isolation between the channels. It is expected that by de-
coupling the channels and making them almost identical,
the spectral resolution of a two-channel NMS potentially
can be improved beyond that of a single channel one.

(11)



16 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 49, NO. 1, JANUARY 2002

I1I. CrOSS-SPECTRAL DENSITY OF VOLTAGE
FLUCTUATIONS IN THERMAL NOISE
SUPPRESSION REGIME

The complex amplitudes of the output signals of an
ideal 3-dB hybrid coupler are given by

Us = (w7 + 1) V2

12

U4=(U1+U2€J¢H) /\/i 12)
where @ is a hybrid differential phase shift and U; and Us
are the complex amplitudes of the input signals (Fig. 1).
The differential phase shift in (12) is equal to /2 to satisfy
the energy conservation conditions.

If the hybrid is lossy, (12) is no longer valid, and a
complete set of S-parameters is required to describe the
relationship between the complex amplitudes of input and
output signals [8], [9]. Apart from that, the differential
phase shift in a real hybrid coupler is frequency depen-
dent. For example, in commonly used coplanar stripline
couplers, ¢y varies by £7° with respect to 7/2 over the
operating frequency range. In the following analysis, we
assume the previously given description of an ideal 3-dB
coupler with oy = 7/2. ]

Considering a noise source with a white power spectrum
at the input of the measurement system (port 1; Fig. 1),
we can write analytical expressions for the cross-spectral
densities of the output voltage fluctuations that are a re-
sult of both PM and AM components.

The voltage noise cross-spectral density caused by PM
components of input noise is given by

T;,
Svgll),IQJM = X2 kigm—pl Ka.mpGLNA (133')
{ cos (or — Aa1) — cos (o — Ta1) }

where T},,,1 is the effective temperature of the noise enter-
ing port 1 and Ay and ¥g; are phase angles calculated as
Aoy = po — 1 and Yoy = g + 1, respectively.

The voltage noise cross-spectral density caused by AM
components of input noise is

SAM _ 2 kg Tinp1

ul,2 - I(a,mpGLNA

{ cos (pr — Aa1) + cos (o — Ta1) }- (13b)
Combining (13a) and (13b), the cross-spectral density
of output voltage fluctuations caused by the first noise
source is obtained:
kpT;
Sz(z]i),2 = x2 Binel 4mpl KompGrnacos (o — Dat).
(13¢)

By analogy, the cross-spectral density of voltage fluctu-
ations caused by the second noise source attached to port
2 in Fig. 1 is

ksT;
5521)2 = X2 E 4“1@2 KampGLNA cos (QOH + Azl)
(13d)

where Tjnpo is an effective temperature of the second noise
source.

Combining (13c) and (13d) results in the total cross-
spectral density of voltage fluctuations at the output of
the NMS:

kpK,
Suz=x" % GLNA{Tinp1 cos (pr — Aa1)
+Tinp2 €08 (0n + Do)}, (13e)
which at ¢ = /2 becomes
kg Kam .
Sur2 = x° J% GLna{Tinp1 — Tinp2 } sin Ag1.
(13f)

The phase angle Ao in (13f) is close to 7/2, provided that
both channels of the measurement system are identically
tuned (either phase or amplitude sensitive).

This result confirms that the two-channel NMS per-
forms a differential temperature measurement. From pre-
vious discussions, it also follows that the effect of anoma-
lously low voltage noise cross-spectral density must be ob-
served with arbitrary noise sources no matter how high
their intensities, provided that the noise sources are sta-
tionary, and that their intensities are matched.

If a three-port Wilkinson power divider is used to split
the power of a single noise source between the channels of
the NMS, the analytical expression for the voltage noise
cross-spectral density is given by

kK,
Q%Q—@GLNA{TinprO}SinA21

(13g)

where T, is the effective temperature of the input noise
source. In such a case, the effect of anomalously low voltage
noise would be observed only at T;,, approaching Tp,.

Effect of thermal noise suppression in a two-channel
noise measurement system is illustrated in Fig. 6. Curve 1
shows the calculated rms voltage noise at the output of a
single channel measurement system as a function of input
noise intensity. Curve 2 shows the cross-channel rms volt-
age noise calculated with only one noise source turned on
[Tinp2 is replaced with T, in (13f)]. Curve 3 corresponds
to the case of two noise sources with effective tempera-
tures Tinp2 = 1.05 X Tinp1. This is a close approximation
of the real situation where T;,p1 and Ti,po are varied syn-
chronously, although always remaining slightly different.
Experimental data are shown in Fig. 6 as “fat” dots. In
plotting these data points, only the mean values of spec-
tral densities were used with no error bars shown. Both
experimental data and calculations indicate almost 20 dB
of thermal noise suppression when a second noise source
with Tippe & Tinp1 is switched on. ‘

In the previous analysis, the noise sources were assumed
to have a white power spectrum. The same approach can
be extended to study the noise in an arbitrary DUT with
different levels of phase and amplitude fluctuations. For
example, assuming that both channels are phase sensitive,

Su1,2 =X
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Fig. 6. Effect of thermal noise suppression in a two-channel noise
measurement system. Curve 1 is the rms spectral density of volt-
age fluctuations at the output of a single channel NMS, curve 2 is
the rms cross-spectral density of voltage fluctuations with one input
noise source, and curve 3 is the rms cross-spectral density of voltage
fluctuations with two input noise sources of similar intensities.

the cross-spectral density of output voltage fluctuations is
given by

Sur,2 = S3pS2ut 1 501Y (14)

where Sg“t is spectral density of PM fluctuations in the

DUT and S{j{ j; is the measurement system voltage noise

floor. Various mechanisms contribute to S;Ll/ J; In particu-

lar, the thermal noise component of the voltage noise floor
is given by

n 1
Sul/,fz = 5 X2 kBTaKampGLNA COS2 (LpH).

(15)
The latter is obtained from (13e) by replacing Tinp; and
Tinp2 with T, and taking into account the identical tuning
of both channels (Agy = mm — pg). The differential phase
shift in (15) is deliberately retained to allow for imperfec-
tions in the real 3-dB hybrid couplers. In this respect, the
parameter 6 = cos> ((pH) can be introduced to character-
ize the degree of asymmetry between the two channels of
the measurement system.

IV. MEASUREMENT OF DIFFERENTIAL PHASE DELAY
IN HYBRID COUPLERS

This technique for measuring the voltage noise cross-
spectral densities when either one or two noise sources are
acting at the input of the measurement system can be ap-
plied to the evaluation of differential phase delay in hybrid
couplers. The key element of this technique is to achieve
a high degree of cross-channel voltage noise cancellation

17
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Fig. 7. Conventional cross-correlation noise measurement system.
Equivalent load is an attenuator with insertion loss matched to that
of the DUT.

by equalizing the effective input noise temperatures Tipnp1
and Tinpz. This process involves switching on one noise
source at a time, measuring the cross-spectral densities of
voltage fluctuations, and making them equal to within the
resolution limit of the spectrum analyzer.

Assuming that two noise sources with equal effective
temperatures (Tinpt = Tinp2 = Tinp > T,) are switched
on, from (13e) it follows that

kpKaom
Sha =X Lzu GrvaTimpcos® (on).

(16a)

If only one noise source is on, the cross-spectral density of
voltage fluctuations is given by

kBKam
Combining (16a) and (16b) results in
pr = cos™ /05549 /5719 (17)

Measurements of g were performed in a frequency range
from 7.5 to 11.5 GHz, with the mean value of ¢y being
close to 85°. A few degrees of phase uncertainty in these
measurements were due to the lack of noise temperature
balance and limited integration time.

V. PRECISION MEASUREMENTS WITH TWO-CHANNEL
MEASUREMENT SYSTEMS

In this section, we discuss the calibration and measure-
ment procedure for the conventional two-channel measure-
ment system shown in Fig. 7.

At the first stage of the calibration procedure an equiv-
alent load (attenuator), with an insertion loss closely
matched to that of the DUT, is introduced into the mea-
surement system. Carrier power at the input of the DUT
is set to be equal to its operational value, Pj,;, and phase
sensitivities of both channels are optimized. An effective
way of maximizing the phase sensitivity of the measure-
ment system relies on the different treatment of PM and
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AM signals by the phase bridge. For instance, when the
phase bridge is AM sensitive, its PM sensitivity is mini-
mal, and vice versa. For this reason, by applying an AM
signal to the input of the measurement system and mini-
mizing the responses of both channels (by adjusting phase
shifts (1 and ), the phase sensitivities of both channels
are maximized. This phase tuning procedure has a clear
advantage over placing a VCP shifter inside the phase
bridge and generating a PM signal because the intrinsic
fluctuations in the phase shifter increase the measurement
system’s PM noise floor.

At the next stage, the noise source with effective tem-
perature T, is turned on at the input of the measurement
system, and the cross-spectral density of output voltage
fluctuations, S24',, is measured. This allows the phase-to-
voltage conversion coeflicient of measurement system to
be determined in accordance with NIST-developed cali-
bration procedures [10}:

S}27D = Sq(ﬁlgpiandut/(kBTns) (18)
where P, is the power at the input of equivalent load,
Lgy: is the equivalent load insertion loss, and Tys > To,.

The noise source is switched off and the voltage noise
floor, SZ{ f;, is measured. The latter contains a flicker and
a white noise component as seen from Fig. 4:

sihn=t+e
f

where coefficients v and e characterize intensities of flicker
and white noise processes, respectively. At gy =~ 7/2, the
white noise term in (19) coincides with the spectrum an-
alyzer’s noise floor and, as was experimentally found, is a
factor of y/Ngyg smaller than the voltage noise floor of a
single channel NMS.

The DUT is inserted into the measurement system, and
the phase sensitivities of both channels are maximized.
The noise source is turned on again, and the cross-spectral

density of output voltage fluctuations, S™% . is measured.
Yy P g » Pul,2o

(19)

By adjusting Pjpp, spectral densities Sy and Sﬁ‘{fz can
be made equal to each other to ensure that the calibration
and measurements are performed under similar conditions.

The noise source is turned off, and the cross-spectral
density of output voltage fluctuations with the DUT are

installed; S£3'4! is measured. The phase noise of the DUT -

is inferred from

o
burT __ “ul, ul,
SLP = SI%D (20)

The spectral resolution of such measurements is evaluated
following the procedure described in Section II.
VI. CONCLUSION

The effect of anomalously low cross-spectrum voltage
noise density in a two-channel noise measurement system

has been studied both experimentally and theoretically.
We have shown that this effect occurs when two thermal
noise sources with matched intensities act at the inputs
of a two-channel NMS. A simple phenomenological model
of the thermal noise cancellation effect in a two-channel
NMS has been developed. According to such a model, a
two-channel NMS is sensitive to the difference of effective
temperatures of stationary noise processes at its inputs.

We showed that the thermal phase (amplitude) noise
floor of a single channel interferometric NMS for either
PM or AM noise was given by 2kgT, / (Piandut), where
kg is Boltzmann’s constant, T, is the ambient tempera-
ture, and P;,p and Lgy are power at the input of the
device under test and its insertion loss, respectively. The
thermal phase (amplitude) noise floor of two-channel NMS
was found to be equal to 4kgT,/(PinpLautr/Navg) +
QkBToé/(Piandut), where § is the parameter ([§] < 1)
characterizing the asymmetry between the two channels
(or lack of isolation between them) and Ng,4 is the num-
ber of averages. The statistical uncertainty, which sets
the ultimate spectral resolution in the thermal noise lim-
ited regime, is approximately 4kgpT, / (PmpLdu“/Nm,g)
for both systems.

Our results demonstrate that both single and two-
channel measurement systems are capable of measuring
the DUT additive noise with an effective temperature
much less than the ambient temperature. As far as the
resolution of spectral measurements is concerned, the two-
channel NMS was found to offer no advantage over a single
channel one. Nevertheless, it is expected that the spectral
resolution of a two-channel NMS could be improved by de-
coupling the channels and making them almost identical,
provided that measurements are not significantly affected
by the flicker noise. The latter was found to be weakly
suppressed by the cross-correlation signal processing.

'~ ACKNOWLEDGMENTS

The authors are grateful to L. Hollberg (NIST), Steve
Jefferts (NIST), and A. Luiten (UWA) for useful discus-
sions and valuable advice.

REFERENCES

[1] F. L. Walls, S. R. Stein, J. E. Gray, and D. Glaze, “Design
considerations in the state-of-the-art signal processing and phase
noise measurement systems,” in Proc. 30th Annu. Symp. Freq.
Contr., pp. 269-274, 1976.

[2] E. N. Ivanov, M. E. Tobar, and R. A. Woode, “Applications
of interferometric signal processing to phase noise reduction in
microwave oscillators,” IEEE Trans. Microwave Theory Tech.,
vol. 46, no. 10, part II, pp. 15371545, Oct. 1998.

, “Microwave interferometry: Application to precision mea-
surements and noise reduction techniques,” IEEE Trans. Ultra-
son., Ferroelect., Freq. Contr., vol. 45, no. 6, pp. 1526-1536,
Nov. 1998.

[4] E. Rubiola, V. Giordano, and J. Groslambert, “Double cor-
relating interferometer scheme for measuring PM and AM
noise,” Electron. Lett., vol. 34, no. 1, pp. 93-94, Jan. 1998.

3]




IVANOV AND WALLS: INTERPRETING VOLTAGE NOISE

[5] ——, “Improved interferometric method to measure near-carrier
AM and PM noise,” IEEE Trans. Instrum. Meas., vol. 48, no.
2, pp. 642-646, Apr. 1999.

[6] J. S. Bendat and A. G. Piersol, Measurement and Analysis of
Random Data. Wiley & Sons, 1967, pp. 261-263.

[7) F. L. Walls, D. B. Percival, and W. R. Irelan, “Biases and vari-
ances of several FFT spectral estimators as a function of noise
type and number of samples,” in Proc. 43rd Annu. Symp. Freq.
Contr., pp. 336-341, 1989.

[8] A. DeMarchi, F. Andrisani, and G. P. Bava, “Sensitivity and
noise limits of microwave interferometers and correlated double
interferometers,” in Proc. 14th Bur. Freq. Time Forum, pp. 123—
128, 2000.

[9] P. A. Rizzi, Microwave Engineering Passive Circuits. Prentice
Hall, 1988, pp. 347-411.

[10] F. L. Walls, A. J. D. Clements, C. M. Felton, M. A. Lombardi,
and M. D. Vanek, “Extending the range and accuracy of phase
noise measurements,” in Proc. 42nd Annu. Symp. Freq. Contr.,
pp- 432-441, 1988.

Eugene N. Ivanov was born in Moscow on August 14, 1956. He
received the Ph.D. in radio electronics from the Moscow Power Engi-
-neering Institute in 1987. From 1980 to 1990, he was involved in the
design of low noise microwave oscillators and analysis of sapphire-
loaded cavity resonators.

In 1991, Dr. Ivanov joined the Gravitational Radiation Labo-
ratory at the University of Western Australia (UWA), where he
constructed a microwave readout system for monitoring the vibra-
tion state of the cryogenic resonant-mass gravitational wave detector
‘Niobe.’

From 1995 to 1997, Dr. Ivanov was working on applications of
interferometric signal processing to precision measurements at mi-
crowave frequencies. This research resulted in the development of
ultra-low phase noise microwave oscillators and ‘real-time’ noise mea-
surement systems with thermal noise limited sensitivity.

From 1999 to present, Dr. Ivanov has been a guest researcher at
NIST (Boulder, CO) working on phase noise and optical frequency
measurement projects. .

His current research is focused on understanding the noise prop-
erties of femtosecond lasers and problems of coherent time transfer
from optical and microwave domain.

Dr. Ivanov is a winner of 1994 Japan Microwave Prize.

19

Fred L. Walls (A’93-SM’94) was born in
Portland, OR on October 29, 1940. He re-
ceived the B.S., M.S., and Ph.D. degrees in
physics from the University of Washington,
Seattle, in 1962, 1964, and 1970, respectively.
His Ph.D. thesis was on the development of
long-term storage and nondestructive detec-
tion techniques for electrons stored in Pen-
ning traps and the first measurements of the
anomalous magnetic (g-2) moment of low en-
ergy electrons.

From 1970 to 1973, he was Postdoctoral
Fellow at the Joint Institute for Laboratory Astrophysics in Boul-
der, CO. This work focused on developing techniques for long-term
storage and nondestructive detection of fragile atomic ions stored in
Penning traps for low energy collision studies. Since 1973, he has
been a staff member of the Time and Frequency Division of the
National Institute of Standards and Technology, formerly the Na-
tional Bureau of Standards, in Boulder. He is presently Leader of
the Phase Noise Measurement Group and is engaged in research and
development of ultra-stable clocks, crystal-controlled oscillators with
improved short- and long-term stability, low noise microwave oscil-

lators, frequency synthesis from RF to infrared, low-noise frequency

stability measurement systems, and accurate phase and amplitude
noise metrology. He has published more than 150 scientific papers
and articles. He holds five patents for inventions in the fields of fre-
quency standards and metrology.

He received the 1995 European “Time and Frequency” award
from the Societe Francaise des Microtechniques et de Chromometrie
“for outstanding work in ion storage physics, design and development
of passive hydrogen masers, measurements of phase noise in passive
resonators, very low noise electronics and phase noise metrology.” He
is the recipient of the 1995 IEEE Rabi award for “major contribu-
tions to the characterization of noise and other instabilities of local
oscillators and their effects on atomic frequency standards” and the
1999 Edward Bennett Rosa Award “for leadership in development
and transfer to industry of state-of-the-art standards and methods
for measuring spectral purity in electronic systems.” He has also re-
ceived three silver medals from the US Department of Commerce
for fundamental advances in high resolution spectroscopy and fre-
quency standards, the development of passive hydrogen masers, and
the development and application of state-of-the-art standards and
methods for spectral purity measurements in electronic systems. Dr.
Walls is a fellow of the American Physical Society, a senior member
of the IEEE, a member of the Technical Program Committee of the
IEEE Frequency Control Symposium, and a member of the Scientific
Committee of the European Time and Frequency Forum.



